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(57) ABSTRACT 

A metallized structure for use in a microelectronic circuit is 
set forth. The metallized structure comprises a dielectric 
layer, an ultra-thin film bonding layer disposed exterior to 
the dielectric layer, and a low-Me concentration, copper-Me 
alloy layer disposed exterior to the ultra-thin film bonding 
layer. The Me is a metal other than copper and, preferably, 
is zinc. The concentration of the Me is less than about 5 
atomic percent, preferably less than about 2 atomic percent, 
and even more preferably, less than about 1 atomic percent. 
In a preferred embodiment of the metallized structure, the 
dielectric layer, ultra-thin film bonding layer and the copper- 
Me alloy layer are all disposed immediately adjacent one 
another. If desired, a primary conductor, such as a film of 
copper, may be formed exterior to the foregoing layer 
sequence. The present invention also contemplates methods 
for forming the foregoing structure as well as electroplating 
baths that may be used to deposit the copper-Me alloy layer. 
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Figure 4 
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Figure 5 : Polarization curves in test solutions 

containing 45 g/1 ZnS0 4 and 0 to 5 g/1 
CuS0 4 
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Figure 6 : Polarization curves in test solutions 
containing 45 g/1 ZnS0 4 and 0 to 5 g/1 
CuSQ 4 
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Figure 7 : Polarization curves in test solutions 
containing 40 g/1 ZnS0 4 and 5 - 10 g/1 
CuSQ 4 
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Figure 8 : Polarization curves in test solutions 

containing 35 g/1 ZnS0 4 and 5 - 15 g/1 
CuS0 4 
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Figure 9 : Polarization curves in test solutions 

containing 30 g/1 ZnS0 4 and 5 - 15 g/1 
CuS0 4 
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Figure 10: Polarization curves in test solutions 
containing 25 g/1 ZnS0 4 and 5 - 20 g/1 
CuS0 4 
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Figure 1 1 : Polarization curves in test solutions 
containing 20 g/1 ZnS0 4 and 0 - 20 g/1 
CuSQ 4 
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Figure 12 : Polarization curves showing the effect 
of ammonia and ethylene diamine 



U.S. Patent 



Apr. 9, 2002 



Sheet 13 of 14 



US 6,368,966 Bl 




-3.0 -2.0 -1.0 0.0 1.0 2.0 
Log i, mA/cm 2 



Figure 1 3 : Polarization curves showing the effect 
of addition of small quantities of 
copper 
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METALLIZATION STRUCTURES FOR 
MICROELECTRONIC APPLICATIONS AND 
PROCESS FOR FORMING THE 
STRUCTURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This is a continuation application of International PCT 
Patent Application No. PCT/US99/14939, designating the 
US, filed Jun. 30, 1999, and published in English under PCT 
Article 21(2), entitled METALLIZATION STRUCTURES 
FOR MICROELECTRONIC APPLICATIONS AND PRO- 
CESS FOR FORMING THE STRUCTURES, which claims 
priority from U.S. patent application Ser. No. 60/091,691, 
filed Jun. 30, 1998, and U.S. patent application Ser. No. 
60/114,512, filed Dec. 31, 1998. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not Applicable 

BACKGROUND OF THE INVENTION 

An integrated circuit is an interconnected ensemble of 
devices formed within a semiconductor material and within 
a dielectric material that overlies a surface of the semicon- 
ductor material. Devices which may be formed within the 
semiconductor material include MOS transistors, bipolar 
transistors, diodes and diffused resistors. Devices which may 
be formed within the dielectric include thin-film resistors 
and capacitors. Typically, more than 100 integrated circuit 
die (IC chips) are constructed on a single 8 inch diameter 
silicon wafer. The devices utilized in each dice are inter- 
connected by conductor paths formed within the dielectric. 
Typically, two or more levels of conductor paths, with 
successive levels separated by a dielectric layer, are 
employed as interconnections. The metallization used to 
form such interconnects likewise has applicability in the 
formation of discrete microelectronic components, such as 
read/write heads, on other substrate materials. In current 
practice, an aluminum alloy and silicon oxide are typically 
used for, respectively, the conductor and dielectric. 

Delays in propagation of electrical signals between 
devices on a single dice limit the performance of integrated 
circuits. Such delays in propagation also limit the perfor- 
mance of discrete microelectronic components. More 
particularly, these delays limit the speed at which an inte- 
grated circuit or microelectronic component may process or 
otherwise conduct these electrical signals. Larger propaga- 
tion delays reduce the speed at which the integrated circuit 
may process the electrical signals, while smaller propagation 
delays increase this speed. Accordingly, integrated circuit 
manufacturers seek ways in which to reduce the propagation 
delays. 

For each interconnect path, signal propagation delay may 
be characterized by a time delay x. See E. H. Stevens, 
Interconnect Technology, QMC, Inc., July 1993. An 
approximate expression for the time delay, x, as it relates to 
the transmission of a signal between transistors on an 
integrated circuit is given by the equation: 

In this equation, R and C are, respectively, an equivalent 
resistance and capacitance for the interconnect path, and 1^ 
and Vsat are, respectively, the saturation (maximum) cur- 
rent and the drain-to-source potential at the onset of current 
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saturation for the transistor that applies a signal to the 
interconnect path. The path resistance is proportional to the 
resistivity, p, of the conductor material. The path capaci- 
tance is proportional to the relative dielectric permittivity, 
5 K^., of the dielectric material. A small value of x requires that 
the interconnect line carry a current density sufficiently large 
to make the ratio V^/Rl^ small. It follows, therefore, 
that a low-p conductor that can carry a high current density 
and a low-K. dielectric should be utilized in the manufacture 
to of high-performance integrated circuits. 

To meet the foregoing criterion, copper interconnect lines 
within a low-K,. dielectric will likely replace aluminum- 
alloy lines within a silicon oxide dielectric as the most 
preferred interconnect structure. See "Copper Goes Main- 
is stream: Low-k to Follow*', Semiconductor International, 
November 1997, pp. 67-70. Resistivities of copper films are 
in the range of 1.7 to 2.0 /iQcm. while resistivities of 
aluminum-alloy films are higher in the range of 3.0 to 35 

20 Despite the advantageous properties of copper, several 
problems must be addressed for copper interconnects to 
become viable in large-scale manufacturing processes. 

Diffusion of copper is one such problem. Under the 
influence of an electric field, and at only moderately elevated 

25 temperatures, copper moves rapidly through silicon oxide. It 
is believed that copper also moves rapidly through low-K^ 
dielectrics. Such copper diffusion causes failure of devices 
formed within the silicon. 

Another problem is the propensity of copper to oxidize 

30 rapidly when immersed in aqueous solutions or when 
exposed to an oxygen-containing atmosphere. Oxidized 
surfaces of the copper are rendered non-conductive and 
thereby limit the current carrying capability of a given 
conductor path when compared to a similarly dimensioned 

35 non-oxidized copper path. 

A still further problem with using copper in integrated 
circuits is that it is difficult to use copper in a multi-layer, 
integrated circuit structure with dielectric materials. Using 
traditional methods of copper deposition, copper adheres 

40 only weakly to dielectric materials. 

Finally, because copper does not form volatile halide 
compounds, direct plasma etching of copper cannot be 
employed in fine-line patterning of copper. As such, copper 
is difficult to use in the increasingly small geometries 

45 required for advanced integrated circuit devices. 

The semiconductor industry has addressed some of the 
foregoing problems and has adopted a generally standard 
interconnect architecture for copper interconnects. To this 
end, the industry has found that fine-line patterning of 

50 copper can be accomplished by etching trenches and vias in 
a dielectric, filling the trenches and vias with a deposition of 
copper, and removing copper from above the top surface of 
the dielectric by chemical-mechanical polishing (CMP). An 
interconnect architecture called dual damascene can be 

55 employed to implement such an interconnect structure and 
thereby form copper lines within a dielectric. 

At least one of the processes in the formation of the 
dual-damascene architecture is particularly troublesome. 
More particularly, deposition of thin, uniform barrier and 

60 seed layers into high aspect ratio (depth/diameter) vias and 
high aspect ratio (depth/width) trenches is difficult. The 
upper portions of such trenches and vias tend to pinch-off 
before the respective trench and/or via is completely filled or 
layered with the desired material. This problem is further 

65 exacerbated when the interconnect structures formed in the 
trenches and vias include multiple layers. Conductivities of 
known barrier materials are negligible compared to the 
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conductivity of copper, thus the conductance of narrow 
interconnect lines is markedly reduced by the barrier layer 
that must be interposed between the copper and dielectric. 

The present inventors have found that deposition of lean 
alloys of copper may solve these problems. More 
particularly, the present inventors have determined that 
addition of zinc to copper in very low quantities assists in 
solving the diffusion and self-passivation problems and, 
further, have suggested a metallization structure that takes 
advantage of these qualities. Still fiirther, the present inven- 
tors have developed an electroplating process that may be 
used to deposit the copper/zinc alloy that may be used in 
conjunction with the other processes employed to form the 
proposed metallization structure. 

BRIEF SUMMARY OF THE INVENTION 

A metallized structure for use in a microelectronic circuit 
is set forth. The metallized structure comprises a dielectric 
layer, an ultra- thin film bonding layer disposed exterior to 
the dielectric layer, and a low-Me concentration, copper-Me 
alloy layer disposed exterior to the ultra-thin film bonding 
layer. The Me is a metal other than copper and, preferably, 
is zinc. The concentration of the Me is less than about 5 
atomic percent, preferably less than about 2 atomic percent, 
and even more preferably, less than about 1 atomic percent. 
In a preferred embodiment of the metallized structure, the 
dielectric layer, ultra-thin film bonding layer and the copper- 
Me alloy layer are all disposed immediately adjacent one 
another. If desired, a primary conductor, such as a film of 
copper, may be formed exterior to the foregoing layer 
sequence. The present invention also contemplates methods 
for forming the foregoing structure as well as electroplating 
baths that may be used to deposit the copper-Me alloy layer. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

FIG. 1 illustrates a multilayer metallization structure 
constructed in accordance with one embodiment of the 
present invention. 

FIG. 2 is a chart showing the relationship between the 
resistivity of a copper-zinc alloy layer as a function of the 
annealing temperature. 

FIGS. 3A and 3B are charts illustrating the effect of pulse 
parameters on the resistivity of an electrochemically depos- 
ited copper-zinc alloy layer that has been deposited using an 
electroplating solution having a constituent composition in 
accordance with one embodiment of the present invention. 

FIG. 4 is a chart illustrating the effect of pulse parameters 
on the zinc composition of an electrochemically deposited 
copper-zinc alloy that has been deposited using an electro- 
plating solution having a constituent composition in accor- 
dance with one embodiment of the present invention. 

FIG. 5 is a graph illustrating the polarization behavior of 
a copper rod in copper sulfate solutions. 

FIGS. 6-11 are graphs illustrating the cathodic polariza- 
tion of a copper rod in plating solutions containing various 
quantities of zinc and copper sulfate. 

FIG. 12 is a graph illustrating the polarization response of 
copper in a solution containing 1 g/1 of copper sulfate and 
others solution constituents. 

FIG. 13 is a graph illustrating polarization curves for 
plating solutions containing 45 g/1 ZnS0 4 and various 
quantities of CuS0 4 . 

FIG. 14 illustrates the composition of an electrochemi- 
cally deposited layer that was deposited on a copper rod in 
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tests conducted with one embodiment of the disclosed alloy 
electroplating solution. 

DETAILED DESCRIPTION OF THE 
5 INVENTION 

FIG. 1 illustrates a multilayer metallization structure 
constructed in accordance with one embodiment of the 
present invention. As illustrated, the metallization structure, 
shown generally at 20, comprises a plurality of thin layers of 

10 conductive material deposited exterior to and, preferably, 
directly on a dielectric layer 25. In the specific embodiment 
shown here, the dielectric layer 25 is disposed exterior to 
and, preferably, on a substrate 30, such as a silicon semi- 
conductor wafer. It will be recognized that the metallization 

15 structure 20 may be disposed exterior to a wide range of thin 
film layer and/or substrate material types and, further, may 
be constructed to conform to various surface geometries. 
The metallization structure 20 thus has applicability to 
diverse classes of microelectronic components and/or inter- 

20 connects. 

The composition of the dielectric layer 25 is generally 
dependent on the function of the metallization structure 20. 
When the metallization structure 20 is used to implement a 
post or line of an electrical interconnect network, the dielec- 
tric layer 25 is preferably comprised of a low-K material. 
When the metallization structure is used to implement a 
discrete microelectronic component such as a capacitor, 
however, the dielectric layer 25 is preferably comprised of 
a high-K material. To increase adhesion between the dielec- 
tric layer 25 and a subsequent layer, such as ultra-thin 
bonding layer(35), the surface of the dielectric layer may be 
subject to an adhesion promoting process. For example, the 
dielectric surface may be subject to treatment in an atmo- 
35 sphere having a high ozone content. Alternatively, some 
form of mild mechanical or chemical abrading process may 
be used. 

As shown in FIG. 1, the metallization structure 20 is 
comprised of an ultra-thin film bonding layer 35 disposed 
exterior to the dielectric layer 25, a low-zinc concentration, 
copper-zinc alloy layer 40 disposed exterior to the ultra-thin 
film bonding layer 35, and an optional primary conductive 
layer 45 disposed exterior to the copper-zinc alloy layer 40. 
In a preferred embodiment illustrated here in FIG. 1, each of 
45 the layers 35, 40 and 45 are immediately adjacent one 
another. As such, the copper-zinc alloy layer 40 is deposited 
directly on the bonding layer 35 and the optional primary 
conductive layer 45 is deposited directly on the copper-zinc 
alloy layer 40. 

50 In view of the properties of the copper-zinc alloy layer 40, 
it becomes possible to use an ultra-thin bonding layer 35. 
Preferably, the thickness of the bonding layer 35 is limited 
to a few monolayers. For example, the bonding layer thick- 
ness may be between 10-20 angstroms and, more preferably, 

55 less than about 15 angstroms. 

The bonding layer 35 functions principally as an adhesion 
promoter to bond the copper-zinc alloy layer 40 to the 
dielectric layer 25. The copper barrier characteristics of the 
bonding layer material are generally not as important as its 

60 bonding characteristics. This is due to the inherent self- 
passivation and copper-confinement properties of the 
copper-zinc alloy layer 40. The present inventors have found 
that conducting materials that will bond with the dielectric 
and provide the requisite adhesion will also normally bond 

65 well with the copper of the copper-zinc alloy layer 40. Many 
such materials, however, have higher resistivities than cop- 
per. Since an ultra-thin layer of the bonding material is used, 
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however, the bonding layer 35 does not significantly con- Notwithstanding the particular deposition technique used 

tribute to the resistance of the multilayer metallization to deposit the layer, the present inventors have found that the 

structure 20. As such, several metals and alloys may be used resistivity of the copper-zinc alloy layer 40 may be reduced 

as the bonding layer material. These include: Al, B, Hf, Ta, using a low-temperature annealing process. FIG. 2 is a chart 

Ti, Zn, Cu, Pd, SiC, TiZn, V, Nb, Sb, Sn, nitrides, carbides, 5 showing the relationship between the resistivity of a copper- 

bo rides of refractory metals, and metallic compostructures. zinc alloy layer as a function of the annealing temperature 

Generally stated, the bonding layer material may be any for a number of samples in which the copper-zinc alloy was 

metal or alloy with a high magnitude free-energy of forma- sputter deposited on the dielectric material. The sputtering 

tion for the compounds that will form at the dielectric-metal was done at 2.5 kW (0.5 k voltx5 amps) with a base pressure 

interface (e.g. titanium carbide or aluminum oxide forming of 10 -7 Torr and an argon pressure of 5 mTorr for 10 

on a polymer/titanium interface, or silicon oxide/aluminum minutes. The annealing took place at the given temperatures 

interface, respectively). Depending on the particular mate- far * time period of 30 minutes. The sputter target had a zinc 

rial chosen, the bonding layer 35 may be applied using one content of 5 atomic percent. 

or more commonly known deposition techniques, such as As illustrated, annealing under the foregoing conditions 

PVD or CVD. As technology advances, the bonding layer 35 , _ generally improved the resistivity of the copper-alloy layer 

may ultimately be susceptible to application using an elec- when compared to the resistivity of the layer as originally 

trochemical deposition process. d ^ lted ™ e ^ts show a generaj_decrease in resistmty 

; . , . , , , with increasing annealing temperature. However, the resis- 

The optional primary conducting layer 45 may be depos- ^ ^ si fficantlv enhanced with increasing anneal- 
ited on the copper-zinc alloy layer 40 to provide an even mg temperatures above abo ut 350° C.-400 0 C. As such, 
lower resistivity material that functions as the primary 20 ^ yen the diminishing resistivity enhancement provided 
conductive path for electrical signals and, thus, reduces the above temperatures, it has been found to be preferable 
overall resistance of the metallization structure 20. The to anneal the copper-zinc alloy layer at an annealing tern- 
optional primary conducting layer 45 may not be necessary perature that is at or below this temperature range, thereby 
in situations where the copper-zinc alloy layer 40 has a increasing the available thermal budget of the microelec- 
resistivity that is sufficiently low to meet the circuit or 25 tronic workpiece (e.g., a semiconductor wafer). The anneal- 
component requirements. The conducting layer 45 of the m g process may take place at an even lower temperature 
illustrated embodiment, in most applications, is preferably when one or more of the layers of the overall microelec- 
copper. The copper layer may be deposited using any of the tronic workpiece degrade or are otherwise stressed when 
known film deposition techniques. However, it is preferably subject to high annealing temperatures. For example, many 
deposited using an electrochemical deposition technique. ^ fow-K dielectric materials begin to degrade at temperatures 

One of the unique layers employed in the metallization above about 250° C.-350° C. As such, annealing must take 

structure 20 is the copper-zinc alloy layer 40. The copper- place below such temperatures. 

zinc alloy layer 40 includes a very low zinc content. Although the copper-zinc alloy layer 40 may be deposited 
Preferably, the zinc content is below about 5 atomic percent. using a sputter deposition process, acid copper electroplat- 
More preferably, the zinc content is below about 2 atomic 35 i n g is becoming popular and it has a number of advantages 
percent. The present inventors have found that even those OV er other types of deposition. It is relatively fast, 
copper-zinc alloys having a zinc content below about 1 inexpensive, easy to maintain and control, less toxic and 
atomic percent exhibit properties that make them suitable for produces deposits of good uniformity, strength and ductility, 
inclusion in the metallization structure 20. A balanced Copper and zinc, however, are widely separated in electro- 
approach to choosing the zinc content is generally necessary. 40 chemical series (E Cm/Cm2+ =4034 and (Ezn/zn2+ e= -°- 76 mV 
The greater the zinc content in the alloy, the greater is the ^th respect to Standard Hydrogen Electrode, SHE). In an 
resistivity of the resulting layer. To reduce the resistivity of ac id medium, where both metals exist as simple cations, 
the alloy layer, the zinc content of the alloy should be namely Cu 2 * and Zn 2 *, it is therefore not possible to 
minimized. However, with reduced zinc content, the oxida- co-deposit both copper and zinc. When an attempt is made 
tion resistance and copper-confinement properties begin to 45 to electrochemically deposit two different metals having 
degrade. As such, the zinc content should be chosen to different deposition potentials from an electroplating 
balance the resistivity of the layer against the oxidation solution, the metal having the lower magnitude deposition 
resistance and copper-confinement properties. The zinc con- potential will generally plate out from the solution and a 
tent chosen for the alloy thus becomes dependent on the significant amount of gas will evolve before reaching the 
performance requirements of the metallization structure 20. 50 greater magnitude deposition potential of the other metal. So 

It is the properties of the copper-zinc alloy layer 40 that it therefore becomes necessary to think of chemicals, which 

allow it to be used in conjunction with the very thin bonding when added to a system containing simple cations, bring the 

layer 35. By using an ultra-thin bonding layer, microstruc- disparate deposition potentials proximate one another so that 

hires that are filled using the sequence of layers of metalli- the metals can be co-deposited. To this end, complexing 

zation structure 20 include a larger proportion of high- 55 agents (coordinating ligands) such as cyanide, 

conductivity to low-conductivity materials than can be ethylenediamine, EDTA etc., may be used. These ligands 

obtained when using the thicker bonding/barrier layers that coordinate with copper ions and form what are called 

are necessary when a pure copper layer is employed without coordinate complexes of copper thereby reducing the activ- 

an intermediate copper-zinc alloy layer. ity of copper and, hence, the electrode potentials. In other 

The copper-zinc alloy layer 40 may be deposited using 60 words, in the presence of complexing agents, the reduction 

sputtering techniques or, as will be set forth in greater detail potentials and, thus, the potentials at which the metals are 

below, electrochemical deposition techniques. When the electrodeposited, are shifted to more negative regions. The 

layer 40 is sputter deposited, the alloy composition is extent to which they are shifted is different for different 

generally determined by the composition of the target. Alloy elements. The present inventors have exploited this phenom- 

layers having different zinc content are thus generally sput- 65 enon to electroplate a thin film copper layer with very small 

ter deposited using different copper-zinc composition tar- amounts of zinc of less than 5 atomic percent and, more 

gets. preferably, around about 1 atomic percent, and below. 
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To facilitate the electroplating of both copper and zinc to 
form the copperzing zinc alloy layer 40, a unique electro- 
plating solution for electrochemically depositing a copper- 
zinc alloy was developed. The preferred solution may be 
used in the electrochemical deposition of the copper-zinc 
alloy layer 40 of the metallization structure 20 shown in 
FIG. 1, as well as in the electrochemical deposition of other 
copper-based alloys used for the alloy layer 40 of structure 
20. In accordance with a preferred composition of the 
solution, the solution includes the following constituents: 

TABLE 1 

PREFERRED ELECTROPLATING SOLUTION 
CONSTITUENT CONCENTRATION FUNCTION 



MeSQ 4 



CuS0 4 



(NH^zSO, 
Addition agent 



NH 4 OH 



10-40 g/l 



5-20 g/l 

20-40 g/l 
0.1-1 ml/1 



50-100 ml/1 



Used as a source of metal, 
Me, that is to be alloyed with 
the copper (Me - zinc, 
aluminum, boron, magnesium, 
Ce, etc) 

Used as a source of copper for 
the metal alloy 
Used as a completing agent 
Preferably, ED or EDTA, 
serving as both a wetting 
agent as well as a completing 
agent (optional constituent) 
Used to adjust the pH of the 
solution, which should be 
maintained between a pH of 
about 8 to a pH of about 11. 
This constituent also functions 
as a completing agent 



With the foregoing solution, it is possible to use a wide 
range of plating parameters to deposit a copper-zinc alloy 
layer 40 having a low resistivity (e.g., 1.8-2.4 u-ohms/cm) 35 
while also having the desired oxidation confinement prop- 
erties. Preferably, the alloy is plated using a constant poten- 
tial (as opposed to a constant current) waveform. The plating 
potential used is preferably between 300 mV and 900 mV 
cathodic. Although a DC plating waveform may be used, it ^ 
is preferable to have a forward pulsed waveform. The 
forward pulsed waveform may have an on/off cycle of 50/20 
msec to 90/10 msec. Particularly good via and trench 
microstructure filling results when a waveform of 0.6/0.3 
msec is used. 45 

FIGS. 3A and 3B are charts illustrating the effect of pulse 
parameters on the resistivity of the resulting copper-zinc 
alloy layer, while FIG. 4 is a chart illustrating the effect of 
pulse parameters on the zinc composition of the resulting 
layer. The rightmost pulse parameter results illustrated in of 50 
each of the figures included plating waveforms having 
reverse pulses as well as forward pulses. As can be seen from 
FIG. 4, the zinc content of the alloy may be manipulated by 
varying the pulse parameters. 

Although an inert anode may be used in the deposition 55 
process, a consumable anode is preferred. The consumable 
anode may be comprised of pure copper or of copper- 
phosphorous, with the copper-phosphorus anode providing 
better microstructure filling and better copper-alloy layer 
characteristics. 60 

Various tests were performed to characterize the particular 
constituents used in the foregoing electroplating solution. 
For example, the polarization behavior of a copper rod in 
copper sulfate solutions is shown in FIG. 5. Increasing the 
concentration of copper in the bath shifted the SSP (Steady 65 
State Potential) to the anodic side. There did not appear to 
be any hydrogen evolution in the potential range studied. 



The cathodic polarizations of a copper rod in plating 
solutions containing various quantities of zinc and copper 
sulfate are illustrated in FIGS. 6-11. When the ratio of zinc 
to copper is in the range 8:1 to 5:1, the polarization curves 

5 go through three minima, the first one at the highest negative 
potential corresponds to zinc deposition/dissolution, the 
other two correspond to a steady state region of alloy of 
copper and zinc. The increase in copper content in solution 
shifts the curves upwards to more positive potentials. 

10 Though the ratio varies, the total amount of copper in all 
these examples is the same: 5 g/L Only when the copper 
concentration is increased from this level to 10 g/l (in 30:10 
combination, where the ratio is 3:1, but total copper sulfate 
concentration is 10 g/l), do the two minima at negative 

15 potentials disappear and leave only one SSP at high positive 
potential. This is due to the fact that the solution attains a 
copper dissolution/deposition equilibrium. Two parameters 
were thus identified: the ratio of copper sulfate to zinc 
sulfate in solution and the concentration of copper sulfate. 

20 Unless the copper concentration is increased above 10 g/l, it 
does not appear to be possible to avoid the minima at higher 
negative potentials. By increased addition of copper to zinc 
sulfate (Ratio 1:1 and copper at 20 g/l level), the current is 
not increased significantly. This is due to complexation, but 

25 there is an advantage of stability of the solution where the 
concentration decrease due to plating may not change the 
current density significantly. Thus it is best to utilize a 
composition that allows the solution to work over a wide 
range of potentials to obtain the same composition of the 

30 deposit. 

FIG. 12 shows the polarization response of copper in a 
solution containing 1 g/l copper sulfate. The presence of 
ammonium hydroxide induces the formation of 
aminocomplexes, whereas the addition of ethylene amine 
induces the formation of ethylene amine complexes of 
metallic ions present in the solution. Whenever a complex 
ion is formed (by the reaction of metal ions with coordinat- 
ing ligands present in solution), the activity of metal ions is 
reduced and this in turn reduces the deposition potential. The 
complexation also increases the overpotential and decreases 
the cathodic current density. These effects can be seen in this 
polarization curve. When only the amine is present, the 
steady state potential is around -IV (SCE). Thus at poten- 
tials more negative to this, deposition of copper is possible. 
When ammonium hydroxide is present in test solution, the 
SSP is depressed to a higher negative value, to -0.47V 
(SCE). This indicates that the complex formed with ammo- 
nia can be reduced only at higher negative potentials. The 
following equations represent the sequence of reactions that 
lead to the deposition of copper from complexes. 

Cu 2 *44NH^Cu(NH3) 4 p* 
[Cu(NH 3 ) 4 f+2e-— Q1+NH3 
Cu^+ED-^CuCED)^ 2 * 
[Cu(ED) 2 ] 2+ +2e--*Cu+2ED 

FIG. 13 illustrates the potentiodynamic polarization 
curves in plating solutions containing 45 g/l ZnS0 4 and 
various quantities of CuS0 4 . The curves show active 
deposition/dissolution regions that correspond to that of 
zinc, copper and/or an alloy of these metals. The reduction 
of zinc complex to zinc occurred at potentials negative to 
-1.3V (SCE) when the bath contained only zinc sulfate and 
no copper sulfate. The addition of 1 and 2 g/l copper sulfate 
resulted in this potential shifting to more anodic values, to 
-1.2 and -1.0V (SCE) respectively. The steady state region 



US 6,368,966 Bl 



10 



20 



25 



that corresponds to that of pure zinc was masked by the 
simultaneous copper deposition. The extent to which this 
occurred depended on the amount of copper in the bath. 
Thus even before zinc that deposited at higher potentials 
dissolved, copper/copper alloy started to deposit. To observe 5 
the cross section of the cathodically polarized specimens, 
the experiment was terminated when the current in the 
cathodic region went below 100 fiA (approximately at -0.5 
V SCE). The specimen was then polished to observe the 
layers from surface to inside. As illustrated in FIG. 14, the 10 
layers were seen to be copper, Cu-Zn alloy and zinc as 
viewed from from the deposit surface to copper rod/deposit 
interface. 

The electrochemical deposition of the copper-zinc alloy 
layer 40 may be implemented in a wide range of electro- 15 
plating reactor types. An integrated processing tool that 
incorporates one or more electroplating reactors that are 
particularly suitable for implementing the foregoing elec- 
trochemical deposition process is available from Semitool, 
Inc., of Kalispell, Mont. Such tools are sold under the brand 
names LT-210™ and Equinox™ and are readily adapted to 
implement a wide range of electroplating processes used in 
the fabrication of microelectronic circuits and components. 
Advantageously, the reactors employed in these tools rotate 
a workpiece during the electrochemical deposition process, 
thereby enhancing the uniformity of the resulting film. It is 
preferable to rotate a workpiece when depositing the copper- 
zinc alloy layer 40 (or other alloy layer) onto the workpiece. 
To further enhance the quality of the resulting copper- Zn 
alloy layer 40, the electrochemical deposition reaction 
chambers) of these tools may be fitted with an ultrasonic 
generator that provides ultrasonic energy to the electroplat- 
ing solution during the electrochemical deposition process to 
thereby enhance the desired characteristics of the resulting 
alloy layer. 

In addition to electroplating reactors, such tools fre- 
quently include other ancillary processing chambers such as, 
for example, presetting chambers, rinsing chambers, etc., 
that are used to perform other processes typically associated 
with electrochemical deposition. Semiconductor wafers, as 
well as other microelectronic workpieces, are processed in 
such tools one-by-one in the reactors and are transferred 
between the processing stations, as well as between the 
processing stations and input/output stations, by a robotic 
transfer mechanism. The robotic transfer mechanism, the 
electroplating reactors and the plating recipes used therein, 
as well as the components of the processing chambers are all 
under the control of one or more programmable processing 
units. 

Numerous modifications may be made to the foregoing 50 
inventions without departing from the basic teachings 
thereof. Although the present inventions have been 
described in substantial detail with reference to one or more 
specific embodiments, those of skill in the art will recognize 
that changes may be made thereto without departing from 55 
the scope and spirit of the invention as set forth in the 
appended claims. 

What is claimed is: 

1. A method for forming a metallized structure on a 
microelectronic workpiece comprising the steps of: 60 
depositing a dielectric layer on the microelectronic work- 
piece; 
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depositing an ultra-thin bonding layer over an exterior of 

the dielectric layer; 
depositing a low Me concentration, copper-Me alloy layer 

exterior to the ultra-thin bonding layer, where Me is a 

metal other than copper. 

2. A method for forming a metallized structure as set forth 
in claim 1 wherein the ultra-thin bonding layer is disposed 
immediately adjacent the dielectric layer and the copper-Me 
alloy layer is disposed immediately adjacent the ultra-thin 
bonding layer. 

3. A method for forming a metallized structure on a 
microelectronic workpiece comprising the steps of: 

depositing a dielectric layer on the microelectronic work- 
piece; 

depositing an ultra-thin bonding layer over an exterior of 
the dielectric layer; 

depositing a low Me concentration, copper-Me alloy layer 
exterior to the ultra-thin bonding layer, where Me is a 
metal other than copper, wherein the concentration of 
Me is less than about 5 atomic percent. 

4. A method for forming a metallized structure as set forth 
in claim 3 wherein the concentration of Me is less than about 
2 atomic percent. 

5. A method for forming a metallized structure as set forth 
in claim 3 wherein the concentration of Me is less than about 
1 atomic percent. 

6. A method for forming a metallized structure as set forth 
in claim 2 wherein Me is zinc. 

7. A method for forming a metallized structure as set forth 
in claim 3 wherein Me is zinc. 

8. A method for forming a metallized structure as set forth 
in claim 4 wherein Me is zinc. 

9. A method for forming a metallized structure as set forth 
in claim 5 wherein Me is zinc. 

10. A method for forming a metallized structure as set 
forth in claim 1 wherein the copper-Me alloy layer is 
deposited using an electrochemical deposition process. 

11. A method for forming a metallized structure on a 
microelectronic workpiece comprising the steps of: 

depositing a dielectric layer on the microelectronic work- 
piece; 

depositing an ultra-thin bonding layer over an exterior of 
the dielectric layer, 

depositing a low Me concentration, copper-Me alloy layer 
exterior to the ultra-thin bonding layer, where Me is a 
metal other than copper, wherein the copper-Me alloy 
layer is deposited using an electrochemical deposition 
process and the electrochemical deposition process 
uses a constant potential waveform. 

12. A method for forming a metallized structure as set 
forth in claim 11 wherein the constant potential waveform 
comprises a forward pulsed waveform. 

13. A method for forming a metallized structure as set 
forth in claim 2 wherein the copper-Me alloy layer is 
deposited using an electrochemical deposition process. 

14. A method for forming a metallized structure as set 
forth in claim 8 wherein the copper-Me alloy layer is 
deposited using an electrochemical deposition process. 
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ABSTRACT 



A metallized structure for use in a microelectronic circuit is 
set forth. The metallized structure comprises a dielectric 
layer, an ultra-thin film bonding layer disposed exterior to 
the dielectric layer, and a low-Me concentration, copper-Me 
alloy layer disposed exterior to the ultra-thin film bonding 
layer. The Me is a metal other than copper and, preferably, 
is zinc. The concentration of the Me is less than about 5 
atomic percent, preferably less than about 2 atomic percent, 
and even more preferably, less than about 1 atomic percent. 
In a preferred embodiment of the metallized structure, the 
dielectric layer, ultra-thin film bonding layer and the copper- 
Me alloy layer are all disposed immediately adjacent one 
another. If desired, a primary conductor, such as a film of 
copper, may be formed exterior to the foregoing layer 
sequence. The present invention also contemplates methods 
for forming the foregoing structure as well as electroplating 
baths that may be used to deposit the copper-Me alloy layer. 

12 Claims, 10 Drawing Sheets 
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COPPER ALLOY ELECTROPLATING BATH resistivity, p, of the conductor material. The path capaci- 

FOR MICROELECTRONIC APPLICATIONS knee i s proportional to the relative dielectric permittivity, 

K^, of the dielectric material. A small value of x requires that 

CROSS-REFERENCE TO RELATED the interconnect line carry a current density sufficiently large 

APPLICATIONS 5 to make the ratio ^sat/^sat small. It follows, therefore, 

that a low-p conductor that can carry a high current density 
This is a continuation application of International PCT aiK j a low-K,, dielectric should be utilized in the manufacture 
Patent Application No. PCT/US99/14939, designating the G f high-performance integrated circuits. 
US, filed Jun. 30, 1999, entitled METALLIZATION To meet the foregoing criterion, copper interconnect lines 
STRUCTURES FOR MICROELECTRONIC APPLJCA- within a low-K, dielectric will likely replace aluminum- 
TIONS AND PROCESS FOR FORMING THE alloy lines within a silicon oxide dielectric as the most 
STRUCTURES, which claims priority from U.S. patent preferred interconnect structure. See "Copper Goes Main- 
application Sen No. 60/091,691, filed Jun. 30, 1998, and stream: Low-k to Follow", Semiconductor International, 
U.S. patent application Ser. No. 60/114,512, filed Dec. 31, November 1997, pp. 67-70. Resistivities of copper films are 
1998. in the range of 1.7 to 2.0 {iQcm. while resistivities of 

15 aluminum-alloy films are higher in the range of 3.0 to 3.5 

STATEMENT REGARDING FEDERALLY Am. 

"SPONSORED RESEARCH OR DEVELOPMENT Despite the advantageous properties of copper, several 

problems must be addressed for copper interconnects to 

Not Applicable become viable in large-scale manufacturing processes. 

20 Diffusion of copper is one such problem. Under the 

BACKGROUND OF THE INVENTION influence of an electric field, and at only moderately elevated 

An integrated circuit is an interconnected ensemble of temperatures, copper moves rapidly through silicon oxide. It 

devices formed within a semiconductor material and within fe believed that copper also moves rapidly through low-K^ 

a dielectric material that overlies a surface of the semicon- dielectrics. Such copper diffusion causes failure of devices 

ductor material. Devices which may be formed within the 25 formed wiihin me sMcon. 

semiconductor material include MOS transistors, bipolar Another problem is the propensity of copper to oxidize 

transistors, diodes and diffused resistors. Devices which may rapidly when immersed in aqueous solutions or when 

be formed within the dielectric include thin-film resistors exposed to an oxygen-containing atmosphere. Oxidized 

and capacitors. Typically, more than 100 integrated circuit surfaces of the copper are rendered non-conductive and 

die (IC chips) are constructed on a single 8 inch diameter 30 thereby limit the current carrying capability of a given 

silicon wafer. The devices utilized in each dice are inter- conductor path when compared to a similarly dimensioned 

connected by conductor paths formed within the dielectric. non-oxidized copper path. 

Typically, two or more levels of conductor paths, with A sti11 further P roblem "^g copper in integrated 

successive levels separated by a dielectric layer, are circuits is that it is difficult to use copper in a multi-layer, 

employed as interconnections. The metallization used to 3S integrated circuit structure with dielectric materials. Using 

form such interconnects likewise has applicability in the traditional methods of copper deposition, copper adheres 

formation of discrete microelectronic components, such as onl y weakl Y t0 dielectric materials. 

read/write heads, on other substrate materials. In current FinaU ^ bec « MB «W« does not form volatile halide 

practice, an aluminum alloy and silicon oxide are typically compounds, direct plasma etching of copper cannot be 

used for, respectively, the conductor and dielectric. 40 employed in fine-line patterning of copper. As such, copper 

~ , . , . . . , t . . is difficult to use in the increasingly small geometries 

Delays in propagation of electrical signals between . « c , , . . ..T 6 .', . & 

• • • r? i- _r r - * i required for advanced integrated circuit devices, 

devices on a single dree limit the performance of integrated 7™ . , . , °" , ,_. , - Ai _ 

% c u a\ ■ *• l v *u r The semiconductor industry has addressed some of the 

circuits. Such delays in propagation also limit the perfor- , . L1 . , , 

mance of discrete microelectronic components More . foregoing problems and has adopted a generally standard 

| « , , j . l * i_ • . 45 interconnect architecture for copper interconnects. To this 

particularly, these delays limit the speed at which an inte- . . . . , _ , *T n .. ^ e 

t A • \ , . , end, the industry has found that fine-line patterning of 

grated circuit or microelectronic component may process or « . , . ,. , r ' . . 

it . , . i ** i * i t copper can be accomplished by etching trenches and vias in 

otherwise conduct these electrical signals. Larger propaga- !/- . , J . . & . , , c 

, , j . « * . , . r~7 . . . j . °.. a dielectnc, filling the trenches and vias with a deposition of 

tion delays reduce the speed at which the integrated circuit I & . - . ^ * \c c 

J . . , * • , • , , ti • • copper, and removing copper from above the top surface or 

may process the electrical signals, while smaller propagation it _ , . , / . , , . - r „~™, A 

j * • . * » S°\ , . j . .50 the dielectnc by chemical-mechamcal polishmg (CMP). An 

delays increase this speed. Accordingly, integrated circuit . _ A J _ „ , , / " &v J , 

J c . . r . , - * t j 4 l . * mterconnect architecture called dual damascene can be 

manufacturers seek ways in which to reduce the propagation i j * • i * i_ • * . . . , 

i i employed to implement such an interconnect structure and 

y ' thereby form copper lines within a dielectric. 

For each interconnect path, signal propagation delay may M least one of me processes i n me formation of the 

be characterized by a time delay x. See E. H. Stevens, 55 dual-damascene architecture is particularly troublesome. 

Interconnect Technology, QMC, Inc., July 1993. An approxi- More particularly, deposition of thin, uniform barrier and 

mate expression for the time delay, x, as it relates to the SGcd layers into higb ralio (depth/diameter) vias and 

transmission of a signal between transistors on an integrated high ratio ( de pth/width) trenches is difficult. The 

circuit is given by the equation: upper ^10^ of ^ trenches and vias tend to pinch-off 

t=j?C[ l-K v^r/tf/^r)] 60 befoie the respective trench and/or via is completely filled or 

layered with the desired material. This problem is further 

In this equation, R and C are, respectively, an equivalent exacerbated when the interconnect structures formed in the 

resistance and capacitance for the interconnect path, and I iSAT trenches and vias include multiple layers. Conductivities of 

and Vsat are, respectively, the saturation (maximum) cur- known barrier materials are negligible compared to the 

rent and the drain-to-source potential at the onset of current 65 conductivity of copper, thus the conductance of narrow 

saturation for the transistor that applies a signal to the interconnect lines is markedly reduced by the barrier layer 

interconnect path. The path resistance is proportional to the that must be interposed between the copper and dielectric. 
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The present inventors have found that deposition of lean present invention. As illustrated, the metallization structure, 
alloys of copper may solve these problems. More shown generally at 20, comprises a plurality of thin layers of 
particularly, the present inventors have determined that conductive material deposited exterior to and, preferably, 
addition of zinc to copper in very low quantities assists in directly on a dielectric layer 25. In the specific embodiment 
solving the diffusion and self-passivation problems and, 5 shown here, the dielectric layer 25 is disposed exterior to 
further, have suggested a metallization structure that takes and, preferably, on a substrate 30, such as a silicon semi- 
advantage of these qualities. Still further, the present inven- conductor wafer. It will be recognized that the metallization 
tors have developed an electroplating process that may be structure 20 may be disposed exterior to a wide range of thin 
used to deposit the copper/zinc alloy that may be used in film layer and/or substrate material types and, further, may 
conjunction with the other processes employed to form the be constructed to conform to various surface geometries, 
proposed metallization structure. The metallization structure 20 thus has applicability to 
BRIEF SUMMARY OF THE INVENTION diverse classes of microelectronic components and/or inter- 

A metallized structure for use in a microelectronic circuit ro^ects. . ^ . 

is set forth. The metallized structure comprises a dielectric , The composition of the dielectric ayer 25 is generally 
layer, an ultra-thin film bonding layer disposed exterior to 15 dependent on the function of the metalhzation structure 20. 

the dielectric layer, and a low-Me concentration, copper-Me ™™ the metallization structure 20 is used to implement a 

alloy layer disposed exterior to the ultra-thin film bonding P 081 or line of an electrical mterconnect network, the dielec- 

layer. The Me is a metal other than copper and, preferably, trie layer 25 is preferably comprised of a low-K material, 

is zinc. The concentration of the Me is less than about 5 When the metallization structure is used to implement a 
atomic percent, preferably less than about 2 atomic percent, 20 discrete microelectronic component such as a capacitor, 

and even more preferably, less than about 1 atomic percent. however, the dielectric layer 25 is preferably comprised of 

In a preferred embodiment of the metallized structure, the a high-K material. To increase adhesion between the dielec- 

dielectric layer, ultra-thin film bonding layer and the copper- trie layer 25 and a subsequent layer, such as ultra-thin 

Me alloy layer are all disposed immediately adjacent one bonding layer 30, the surface of the dielectric layer may be 

another. If desired, a primary conductor, such as a film of subject to an adhesion promoting process. For example, the 

copper, may be formed exterior to the foregoing layer dielectric surface may be subject to treatment in an atmo- 

sequence. The present invention also contemplates methods sphere having a high ozone content. Alternatively, some 

for forming the foregoing structure as well as electroplating forrT1 of mild mechanical or chemical abrading process may 

baths that may be used to deposit the copper-Me alloy layer. ^ e llsc ^ 

BRIEF DESCRIPTION OF THE SEVERAL 30 As shown in FIG. 1, the metallization structure 20 is 

VIEWS OF TOE DRAWINGS comprised of an ultra-thin film bonding layer 35 disposed 

FIG. 1 illustrates a multilayer metallization structure exterior to me dielectric layer 25, a low-zinc concentration, 

constructed in accordance with one embodiment of the copper-zinc alloy layer 40 disposed exterior to the ultra-thin 

present invention. film bonding layer 35, and an optional primary conductive 

FIG. 2 is a chart showing the relationship between the 35 layer 45 disposed exterior to the copper-zinc alloy layer 40. 

resistivity of a copper-zinc alloy layer as a function of the In a preferred embodiment illustrated here in FIG. 1, each of 

annealing temperature. the layers 35, 40 and 45 are immediately adjacent one 

FIGS. 3A and 3B are charts illustrating the effect of pulse another. As such, the copper-zinc alloy layer 40 is deposited 

parameters on the resistivity of an electrochemically depos- directly on the bonding layer 35 and the optional primary 

ited copper-zinc alloy layer that has been deposited using an ^ conductive layer 45 is deposited directly on the copper-zinc 

electroplating solution having a constituent composition in alloy layer 40. 

accordance with one embodiment of the present invention. In vi ew 0 f me properties of the copper-zinc alloy layer 40, 

FIG. 4 is a chart illustrating the effect of pulse parameters it becomes possible to use an ultra-thin bonding layer 35. 
on the zinc composition of an electrochemically deposited Preferably, the thickness of the bonding layer 35 is limited 
copper-zinc alloy that has been deposited using an electro- 45 to a few monolayers. For example, the bonding layer thick- 
plating solution having a constituent composition in accor- n ess may be between 10-20 angstroms and, more preferably, 
dance with one embodiment of the present invention. less than about 15 angstroms. 

FIG. 5 is a graph illustrating the polarization behavior of The bonding layer 35 functions principally as an adhesion 

a copper rod in copper sulfate solutions. promoter to bond the copper-zinc alloy layer 40 to the 

FIGS. 6-11 are graphs illustrating the cathodic polariza- 50 dielectric layer 25. The copper barrier characteristics of the 

tion of a copper rod in plating solutions containing various bonding layer material are generally not as important as its 

quantities of zinc and copper sulfate. bonding characteristics. This is due to the inherent self- 

FIG. 12 is a graph illustrating the polarization response of passivation and copper-confinement properties of the 

copper in a solution containing 1 g/1 of copper sulfate and copper-zinc alloy layer 40. The present inventors have found 

others solution constituents. 55 that conducting materials that will bond with the dielectric 

FIG. 13 is a graph illustrating polarization curves for and provide the requisite adhesion will also normally bond 

plating solutions containing 45 g/1 ZnS0 4 and various well with the copper of the copper-zinc alloy layer 40. Many 

quantities of CuS0 4 . sucn materials, however, have higher resistivities than cop- 

FIG. 14 illustrates the composition of an electrochemi- P er - since ultra-thin layer of the bonding material is used, 
cally deposited layer that was deposited on a copper rod in 60 however, the bonding layer 35 does not significantly con- 
tests conducted with one embodiment of the disclosed alloy tribute t0 the resistance of the multilayer metallization 
electroplating solution. structure 20. As such, several metals and alloys may be used 

as the bonding layer material. These include: AL B, Hf, Ta, 

DETAILED DESCRIPTION OF THE Ti, Zn, Cu, Pd, SiC, TiZn, V, Nb, Sb, Sn, nitrides, carbides, 

INVENTION 65 bonnes of refractory metals, and metallic compostructures. 

FIG. 1 illustrates a multilayer metallization structure Generally stated, the bonding layer material may be any 

constructed in accordance with one embodiment of the metal or alloy with a high magnitude free-energy of forma- 
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lion for the compounds Ibat will form at the dielectric-metal sputter deposited on the dielectric material. The sputtering 

interface (e.g. titanium carbide or aluminum oxide forming was done at 2.5 kW (0.5 k voltx5 amps) with a base pressure 

on a polymer/titanium interface, or silicon oxide/aluminum of 10~ 7 Torr and an argon pressure of 5 mTorr for 10 

interface, respectively). Depending on the particular mate- minutes. The annealing took place at the given temperatures 
rial chosen, the bonding layer 35 may be applied using one 5 for a tune period of 30 minutes. The sputter target had a zinc 

or more commonly known deposition techniques, such as content of 5 atomic percent. 

PVD or CVD. As technology advances, the bonding layer 35 As illustrated, annealing under the foregoing conditions 

may ultimately be susceptible to application using an elec- generally improved the resistivity of the copper-alloy layer 

trochemical deposition process. wnen compared to the resistivity of the layer as originally 

The optional primary conducting layer 45 may be depos- io deposited. The results show a general decrease in resistivity 
ited on the copper-zinc alloy layer 40 to provide an even increasing annealing temperature. However, the rev- 
iewer resistivity material that functions as the primary tivity was not sigmficantiy enhanced with increasing anneal- 
conductive path for electrical signals and, thus, reduces the m S temperatures above about 350° C.-400 C. As such 
overall resistance of the metallization structure 20. The 8> ven the diminishing resistivity enhancement provided 
optional primary conducting layer 45 may not be necessary « above such temperatures, it has been found to be preferable 
in situations where the copper-zinc alloy layer 40 has a t0 anneal the copper-zinc alloy layer at an anneahng torn- 
resistivity that is" sufficiently IowTD-meeV the circuit of P era,ure ,ha ' 15 at ° r ^f low this temperature range; thereby - 
component requirements. The conducting layer 45 of the increasing the available theimal budget of the microelec- 
iUustraled embodiment, in most applications, is preferably j 10 ™ ™>rkpiece (e g., a semiconductor wafer). The anneal- 
copper. The copper layer may be deposited using any of the 20 P^ss may take place at an even lower temperature 
known film deposition techniques. However, it is preferably when one , or . more J of k^ 15 of ' he overaU ™croelec- 
deposited using an electrochemical deposition technique. tio ™ c workpiece degrade or are otherwise stressed when 

„ , , . .... .... subject to high anneahng temperatures. For example, manx 

one ot tne unique layers emp oyed in the metallization low . K &kcbje materi als begin to degrade at temperatures 

structure 20 is the copper-zinc alloy layer 40. The copper- aboye abom 250 . c _ 35() . c ^ ^ mne!l]iog must ^ 

zmc aUoy layer 40 includes a very low zinc content. Uce 5elow such temperatures. 

Preferably, the zinc content is below about 5 atomic percent. Al4 . , 4 , . „ , AA , , 

w c i_i *t_ i_ * o r * Although the copper-zinc alloy layer 40 may be deposited 

More preferably, the zmc content is below about 2 atomic . **" . , vv , t . -j i ; i ♦ 

*T A . . , c j « . using a sputter deposition process, acid copper electroplat- 

percent. The present mventors have found that even those . • , • , , . • c , f 

-11 , . .li , . . ing is becoming popular and it has a number of advantages 

copper-zinc alloys having a zmc content below about 1 & « * j T * • i *• i r * 

. . . 6 ^. lL 4 , 4i _ - 4 i_i r 30 over other types of deposition. It is relatively fast, 

atomic percent exhibit properties that make them suitable for . * ■ * ■ a * i i * • 1 

. ,«•*_■ . ~« A . , j inexpensive, easy to maintain and control, less toxic and 

inclusion m the metallization structure 20. A balanced J , ./ c - . f . 4 . * . - 

. . - A . . . . . „ produces deposits of good uniformity, strength and ductility, 

approach to choosing the zmc content is generally necessary. * j - - , , & A ,. . * 

rJr . . 4 . . « *i_ * • au Copper and zinc, however, are widely separated m electro- 

The greater the zmc content m the alloy, the greater is the ^ ^ • / £ ^ 34 ^ p = n 76 mV 

resistivity of the resulting layer. To reduce the resistivity of c ^ c ^ series ^^ 2 -4^L34 and ^z*2 + =^-'° mV 
4l _ ,, , 4 . 11 u iJ 1 u 35 with respect to Standard Hlydrogen Electrode, SHE). In an 

the alloy layer, the zmc content of the alloy should be . . *TT , u *u * T -a • 1 *• 

. . . « ,| «.•• « « « 4 ' iL acid medium, where both metals exist as simple cations, 

minimized. However, with reduced zinc content, the oxida- 1^2+ j ^ 2+ • *t_ r * . L1 : 

, „ . .? . . . namely Cu and Zn , it is therefore not possible to 

tion resistance and copper-confinement properties begin to , J . A , ^ , . nr . .. .. . 

, , A u *u - . * 1 * j « _u . co-deposit both copper and zmc. When an attempt is made 

degrade. As such, the zmc content should be chosen to t , , . , . ,.~ 4 . . 

. , - /. , , . , . , to electrocbemically deposit two different metals having 

balance the resistivity of the layer against the oxidation , 1 r 1 1 

j ' - * on. • 40 different deposition potentials from an electroplating 

resistance and copper-confinement properties. The zinc con- . . . . 1 . • x , , . . , ... 

..1 r it: 11 *u u j j a *u solution, the metal having the lower magnitude deposition 

tent chosen for the alloy thus becomes dependent on the . I « » . * r r w j 

: a «• a- ^ ^ potential will generally plate out from the solution and a 

performance requirements of the metallization structure 20. ■ .0 * * •« . , - . . - 

r n significant amount of gas will evolve before reaching the 

It is the properties of the copper-zmc alloy layer 40 that greater magnitude deposition potential of the other metal. So 
allow it to be used in conjunction with the very thin bonding 45 it therefore becomes necessary to think of chemicals, which 

layer 35. By using an ultra-thin bonding layer, microstmc- when added t0 a system containing simp l e cations, bring the 

lures that are filled using the sequence of layers of metalli- disparate deposition potentials proximate one another so that 

zation structure 20 include a larger proportion of high- the metals can be co-deposited. To this end, complexing 

conductivity to low-conductivity materials than can be agents ( coord inating ligands) such as cyanide, 
obtained when using the thicker bonding/barner layers that 5Q ethylenediamine, EDTA etc., may be used. These ligands 

are necessary when a pure copper layer is employed without coordinate with copper ions and form what are called 

an intermediate copper-zinc alloy layer. coordinate complexes of copper thereby reducing the activ- 

The copper-zinc alloy layer 40 may be deposited using ity of copper and, hence, the electrode potentials. In other 

sputtering techniques or, as will be set forth in greater detail words, in the presence of complexing agents, the reduction 
below, electrochemical deposition techniques. When the 55 potentials and, thus, the potentials at which the metals are 

layer 40 is sputter deposited, the alloy composition is electrodeposited, are shifted to more negative regions. The 

generally determined by the composition of the target. Alloy extent to which they are shifted is different for different 

layers having different zinc content are thus generally sput- elements. The present inventors have exploited this phenom- 

ter deposited using different copper-zinc composition tar- enon to electroplate a thin film copper layer with very small 
gets. ^ amounts of zinc of less than 5 atomic percent and, more 

Notwithstanding the particular deposition technique used preferably, around about 1 atomic percent, and below, 

to deposit the layer, the present inventors have found that the To facilitate the electroplating of both copper and zine to 

resistivity of the copper-zinc alloy layer 40 may be reduced form the copper-zinc alloy layer 40, a unique electroplating 

using a low-temperature annealing process. FIG. 2 is a chart solution for electrochemically depositing a copper-zinc alloy 
showing the relationship between the resistivity of a copper- 65 was developed . The preferred solution may be used in the 

zinc alloy layer as a function of the annealing temperature electrochemical deposition of the copper-zinc alloy layer 40 

for a number of samples in which the copper-zinc alloy was of the metallization structure 2 shown in FIG. 1, as well as 
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in the electrochemical deposition of other copper-based 
alloys used for the alloy layer 40 of structure 20. In 
accordance with a preferred composition of the solution, the 
solution includes the following constituents: 

TABLE 1 

PREFERRED ELECTROPLATING SOLUTION 
CONSTITUENT CONCENTRATION FUNCTION 



MeS0 4 
CuS0 4 

(NHj^O/ " 
Addition agent 

NH 4 OH 



10-40 g/1 

5-20 g/1 

■"2M0g/f 
0.1-1 ml/1 

50-100 ml/1 



Used as a source of 
metal, Me, that is to be 
alloyed with the copper 
(Me - zinc, aluminum, 
boron, magnesium, Ce, 
etc.) 

Used as a source of 
copper forjhe metal alloy 
Used as a complexing 
agent 

Preferably, ED or EDTA, 
serving as both a wetting 
agent as well as a 
complexing agent 
(optional constituent) 
Used to adjust the pH of 
the solution, which 
should be maintained 
between a pH of about 8 
to a pH of about 11. This 
constituent also functions 
as a complexing agent. 



With the foregoing solution, it is possible to use a wide 
range of plating parameters to deposit a copper-zinc alloy 
layer 40 having a low resistivity (e.g., 1.8-2.4 u-ohms/cm) 
while also having the desired oxidation resistance and 
copper confinement properties. Preferably, the alloy is plated 
using a constant potential (as opposed to a constant current) 
waveform. The plating potential used is preferably between 
300 mV and 900 mV cathodic. Although a DC plating 
waveform may be used, it is preferable to have a forward 
pulsed waveform. The forward pulsed waveform may have 
an on/off cycle of 50/20 msec to 90/10 msec. Particularly 
good via and trench microstructure tilling, results when a 
waveform of 0.6/03 msec is used. 

FIGS. 3 A and 3B are charts illustrating the effect of pulse 
parameters on the resistivity of the resulting copper-zinc 
alloy layer, while FIG. 4 is a chart illustrating the effect of 
pulse parameters on the zinc composition of the resulting 
layer. The rightmost pulse parameter results illustrated in of 
each of the figures included plating waveforms having 
reverse pulses as well as forward pulses. As can be seen from 
FIG. 4, the zinc content of the alloy may be manipulated by 
varying the pulse parameters. 

Although an inert anode may be used in the deposition 
process, a consumable anode is preferred. The consumable 
anode may be comprised of pure copper or of copper- 
phosphorus, with the copper-phosphorus anode providing 
better microstructure filling and better copper-alloy layer 
characteristics. 

Various tests were performed to characterize the particular 
constituents used in the foregoing electroplating solution. 
For example, the polarization behavior of a copper rod in 
copper sulfate solutions is shown in FIG. 5. Increasing the 
concentration of copper in the bath shifted the SSP (Steady 
State Potential) to the anodic side. There did not appear to 
be any hydrogen evolution in the potential range studied. 

The cathodic polarizations of a copper rod in plating 
solutions containing various quantities of zinc and copper 



sulfate are illustrated in FIGS. 6-11. When the ratio of zinc 
to copper is in the range 8:1 to 5:1, the polarization curves 
go through three minima, the first one at the highest negative 
potential corresponds to zinc deposition/dissolution, the 
5 other two correspond to a steady state region of alloy of 
copper and zinc. The increase in copper content in solution 
shifts the curves upwards to more positive potentials. 
Though the ratio varies, the total amount of copper in all 
these examples is the same: 5 g/1. Only when the copper 
10 concentration is increased from this level to 10 g/1 (in 30:10 
combination, where the ratio is 3:1, but total copper sulfate 
concentration is 10 g/1), do the two minima at negative 
potentials disappear and leave only one SSP at high positive 
potential. This is due to the fact that the solution attains a 
15 copper dissolution /deposition equilibrium. Two parameters 
were thus identified: the ratio of copper sulfate to zinc 
sulfate in solution and the concentration of copper sulfate. 
Unless the copper concentration is increased above 10 g/1, it 
does not appear to be possible to avoid the minima at higher 
20 negative potentials. By increased addition of copper to zinc 
sulfate (Ratio 1:1 and copper at 20 g/1 level), the current is 
not increased significantly. This is due to complexation, but 
there is an advantage of stability of the solution where the 
concentration decrease due to plating may not change the 
25 current density significantly. Thus it is best to utilize a 
composition that allows the solution to work over a wide 
range of potentials to obtain the same composition of the 
deposit. 

FIG. 12 shows the polarization response of copper in a 
solution containing 1 g/1 copper sulfate. The presence of 
ammonium hydroxide induces the formation of 
aminocomplexes, whereas the addition of ethylene amine 
induces the formation of ethylene amine complexes of 
metallic ions present in the solution. Whenever a complex 
ion is formed (by the reaction of metal ions with coordinat- 
ing ligands present in solution), the activity of metal ions is 
reduced and this in turn reduces the deposition potential. The 
complexation also increases the overpotential and decreases 
the cathodic current density. These effects can be seen in this 
40 polarization curve. When only the amine is present, the 
steady state potential is around -IV (SCE). Thus at poten- 
tials more negative to this, deposition of copper is possible. 
When ammonium hydroxide is present in test solution, the 
SSP is depressed to a higher negative value, to -0.47V 
45 (SCE). This indicates that the complex formed with ammo- 
nia can be reduced only at higher negative potentials. The 
following equations represent the sequence of reactions that 
lead to the deposition of copper from complexes. 

Cu 2 ^+4NH 3 -^Ca(NH 3 ) 4 ] 2> 

[Cu(NH 3 ) 4 p^ 2 c-— Cu+NII 3 

••» Cu^+ED-^CuCED)^] 2 * 

[Cu(ED) 2 J 2+ +2e--iCu+2ED 

FIG. 13 illustrates the potentiodynamic polarization 
curves in plating solutions containing 45 g/1 ZnS0 4 and 
various quantities of CuS0 4 . The curves show active 
deposition/dissolution regions that correspond to that of 
zinc, copper and/or an alloy of these metals. The reduction 
of zinc complex to zinc occurred at potentials negative to 
-1.3V (SCE) when the bath contained only zinc sulfate and 
no copper sulfate. The addition of 1 and 2 g/1 copper sulfate 
resulted in this potential shifting to more anodic values, to 
-1.2 and -1.0V (SCE) respectively. The steady state region 
that corresponds to that of pure zinc was masked by the 
simultaneous copper deposition. The extent to which this 
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occurred depended on the amount of copper in the bath. What is claimed is: 

Thus even before zinc that deposited at higher potentials 1. An electroplating bath for depositing a low-Me 

dissolved, copper/copper alloy started to deposit. To observe concentration, copper-Me alloy layer on the surface of a 

the cross section of the cathodically polarized specimens, microelectronic workpiece, where Me is a metal other than 

the experiment was termninated when the current in the 5 copper, the bath comprising: 

cathodic region went below 100 fiA (approximately at -0.5 MeS0 4 as a source of the metal Me; 

V SCE). The specimen was then polished to observe the CuS0 4 as a source of copper, wherein MeS0 4 and CuS0 4 

layers from surface to inside. As illustrated in FIG. 14, the are included at a ratio of MeS0 4 :CuS0 4 of at least 1:1; 

layers were seen to be copper, Cu— Zn alloy and zinc as (NH^SC^ as a complexmg agent; and 

viewed from from the deposit surface to copper rod/deposit 10 NH 4 OH as a pH adjuster. 

interface. 2 - An electroplating bath as set forth in claim 1 wherein 

The electrochemical deposition of the copper-zinc alloy the MeS0 4 is ZnS0 4 . 

layer 40 may be implemented in a wide range of electro- 3 An electroplating bath asset forth m claim 1 wherein 

plating reactor types. An integrated processing tool that Me in the MeS0 4 is selected from the group consisting of 

mcorporates one or more electroplating reactors that are 15 the mc, alummum, boron, ma^esium, a«d cesium. 

. « t i_i r • i *• ,u c • „t M 4. An electroplating bath as set forth in claim 1 and further 

particularly suitable for implementing the foregoing eke- ^ an addition agent that serves as both a wetting 

trochemical deposition process is available from Semitool * ^ lexin * nt 

Inc., of Kalispell, Mont. Such tools are sold under the brand * 5 ^ electrop f ating | ath ^ xi forth ^ claim 4 whercill 

names LT-210™ and Equinox™ and are readily adapted to ^ ^ion & a chem ical selected from the group 

implement a wide range of electroplating processes used in 20 conning G f ED and EDTA. 

me fabrication of microelectronic circuits and components. $ ^ electroplating bath for depositing a low-Me 

Advantageously, the reactors employed in these tools rotate concentration, copper-Me alloy layer on the surface of a 

a workpiece during the electrochemical deposition process, microelectronic workpiece, where Me is a metal other than 

thereby enhancing the uniformity of the resulting film. It is copper, the bath comprising: 

preferable to rotate a workpiece when depositing the copper- 25 MeS0 4 as a source of the metal Me, the MeS0 4 being in 

zinc alloy layer 40 (or other alloy layer) onto the workpiece. the electroplating bath at a concentration between about 

To further enhance the quality of the resulting copper-Zn 10-40 g/1; 

alloy layer 40, the electrochemical deposition reaction C v SO A as a source of copper, the C^0 4 being in the 

chambers) of these tools may be fitted with an ultrasonic electroplating bath at a concentration between about 

generator that provides ultrasonic energy to the electroplat- 30 5-20 g/1, wherein MeS0 4 and CuS0 4 are included at a 

ing solution during the electrochemical deposition process to ratio of MeS0 4 :CuS0 4 of at least 1:1; 

thereby enhance the desired characteristics of the resulting (NH 4 ) 2 S0 4 as a complexing agent, the (NH^SC^ being 

alloy layer. in the electroplating bath at a concentration between 

In addition to electroplating reactors, such tools fre- about 20-40 g/1; and 

quently include other ancillary processing chambers such as, 35 NH 4 0H as a pH adjuster, the NH 4 OH being in the 

for example, pre-wetting chambers, rinsing chambers, etc., electroplating bath at a concentration between about 

that are used to perform other processes typically associated 50-100 g/1. 

, with electrochemical deposition. Semiconductor wafers, as 7. An electroplating bath as set forth in claim 6 wherein 

well as other microelectronic workpieces, are processed in the MeS0 4 is ZnS0 4 . 

such tools one-by-one in the reactors and are transferred 40 8. An electroplating bath as set forth in claim 6 wherein 

between the processing stations, as well as between the Me in the MeS0 4 is selected from the group consisting of 

processing stations and input/output stations, by a robotic the zinc, aluminum, boron, magnesium, and cesium, 

transfer mechanism. The robotic transfer mechanism, the 9. An electroplating bath as set forth in claim 6 and further 

electroplating reactors and the plating recipes used therein, comprising an addition agent that serves as both a wetting 

as well as the components of the processing chambers are all 45 agent and a complexing agent. 

under the control of one or more programmable processing 10. An electroplating bath as set forth in claim 9 wherein 

un its. the addition agent is a chemical selected from the group 

Numerous modifications may be made to the foregoing consisting of ED and EDTA 

inventions without departing from the basic teachings 11. An electroplating bath asset forth in claim 10 wherein 

thereof. Although the present inventions have been 50 the addition agent is present in the electroplating bath at a 

described in substantial detail with reference to one or more concentration that is between about 0.1-1 ml/1, 

specific embodiments, those of skill in the art will recognize 12. An electroplating bath as set forth in claim 6 wherein 

that changes may be made thereto without departing from the pH of the electroplating bath is about 11. 
the scope and spirit of the invention as set forth in the 

appended claims. * * * * * 



